Résumé. 2014 Une limitation bien connue du gaz sur réseau provient du fait qu'il n'est pas invariant par transformation galiléenne. On 
Lattice gas experiments on a non-exothermic diffusion flame in a vortex field V. Zehnlé Abstract. 2014 It is a known shortcoming of lattice gas models for fluid flow that they do not possess Galilean invariancy. In the case of a single component incompressible flow, this problem can be compensated by a suitable rescaling of time, viscosity and pressure. However this procedure cannot be applied to a flow containing more than one species. We describe here an extension of the Frisch Hasslacher Pomeau collision model which restores a pseudo Galilean invariancy. We then present a simulation of a 2-D reactive shear layer in the configuration of a diffusion flame subjected to the Kelvin-Helmholtz instability.
J. Phys. France 50 (1989) [1083] [1084] [1085] [1086] [1087] [1088] [1089] [1090] [1091] [1092] [1093] [1094] [1095] [1096] [1097] 1er MAI There is an increasing interest in the use of lattice gas models to simulate complex viscous flows at moderate Mach and Reynolds numbers. The basic 2-D model introduced by Frisch Hasslacher and Pomeau (F.H.P. model) [1] and a 3-D model [2] [4] , Frisch et al. [5] or d'Humières and Lallemand [6] . It [6] that p = 7/6 p m and so equation (2) implies that Ig| :5 7/12 whatever the value of d. In order to restore Galilean invariance, it is necessary to modify the collision rules so that g = 1. As pointed out by d'Humières, Lallemand and Searby [3] , one way to increase g is to enhance the factor (P/Pm). This has led them to the idea of allowing the existence of rest particles of mass 2 (total rest mass can be equal to 0, 1, 2 or 3). This alone is not sufficient to obtain g (p ) = 1 and so they also relaxed the constraint of semidetailed balance and allowed collisions which increase the rest mass to occur with probability one, while the ones that decrease it occur with a smaller probability.
In this paper, we present a version of the above collision rules which is extended to accommodate the presence of up to three different species and which includes all possible mass and momentum conserving collisions that change the rest mass by one unit. We also consider that the lattice site to be occupied by nr = 0, 1, 2 or 3 rest particles of identical mass. These rules maximise the interaction between the populations of mobile and rest particles and thus ensure the fastest possible relaxation to local equilibrium. These optimal rules are summarised in table 1 which gives the positions of particles before and after collision, irrespective of the « colour » of the particule. The « colour » information is redistributed after the collision by choosing one configuration at random from the set of all possible distributions. The destruction of rest particles occurs with probability x, y or z, depending on the initial number of rest particles, np and their creation occurs with probability (1 -x), (1 -y) or ( 1 -z ) instead of one. The optimal values for x, y and z where found to be respectively 0.5, 0.1 and 0.1. The corresponding values of g are given in figure 2 . The factor g has a maximum at d = 0.16 where it takes the satisfactory value g = 1.01. Since the first derivative of g with density is zero for d = 0.16, g is not sensitive to local density fluctuations. We may thus consider that the model is pseudo Galilean at this particular density. The values of the binary diffusion coefficient, D, and the kinematic viscosity, v, have been determined experimentally from the time decay of an initial sinusoidal distribution of concentration and transverse velocity. 3. Simulation of a reactive shear layer.
In the last decades, the mixing layer between two flows of different velocities has been widely studied. Experimental investigations of non reactive shear flows have been carried out, for instance, by Roshko [7] and by Winant and Browand [8] . They have shown the development of large coherent vortex structures in the region of high velocity gradients and the merging of these eddies into larger similar structures. This phenomenon has received much attention because of its frequent occurrence in many practical areas and is particularly important in the domain of combustion since flames frequently develop in such flow fields. In the framework of different numerical schemes, many simulations of both reactive and non reactive flows, have given useful insight into the dynamics and the structure of shear layers and into the interaction between vortices and flames (see Oran and Boris [9] and references therein). Marble [10] has studied analytically the development of a diffusion flame in a vortex. He showed that as the flame front rolls up in the vortex flow field, the reaction surface is stretched, enhancing the reactant consumption rate. His theoretical analysis leads to an analytical formula for the increase in reactant consumption rate as compared to the simple planar diffusion flame. where ro = 12 (in lattice gas units) and the circulation r = 4 'TT. The time evolution of this experiment is shown in figure 6 . This time-series displays richer structures than in the previous example for various reasons. First of all, the forcing is much more efficient for the development of the Kelvin-Helmholtz instability. Secondly, the increased size of the box allows the final vortex to acquire a larger circulation. We can define the total circulation y in the domain by y = 2 vL = 300 (where L = 1 024 is the horizontal dimension of the box). As the initial shear layer destabilises the corresponding vorticity sheet is continuously redistri- buted into the localised vortices, which eventually acquire most of the available circulation, y. Since the diffusion coefficient, D, is much smaller than y, the mixing process is essentially convective. We also have made the two vortices closer to each other than to their repeated periodic images. As a consequence (contrary to the equally spaced vortices in the experiment shown in Fig. 5 ), the two initial vortices interact and roll around each other (see t = 6 000) and give rise to a new vortex structure. This well known phenomenon has been observed both experimentally and in numerical splitter-plate simulations (see for instance Ghoniem and Ng [11] ). As time goes on, the new vortex develops further and the wrapping of the front around the vortex centre increases. The flame is made up of a viscous core filled with products and of two spiral arms attached to the core. At t = 16 000 the adjacent flame sheets are so close together that they annihilate in a few time steps. The core is burnt and filled with products. Afterwards, the structure of the front becomes more complicated (see t = 18 000) and pockets of reactants are still burning. At t = 20 000, the vorticity is still significant (it is « fed » with the + U and -U uniform velocity fields) and again rolls up the front.
3.3 EFFECT OF VORTICITY ON THE BURNING RATE. -Let us recall that in the case of a simple diffusive flame, with no hydrodynamic flow, the total amount of products at time t, C (t ), is given by where L is the length of the interface and p is the total number density per site (in our experiments p = 2.34). As seen in the previous simulation, the vortex field strongly influences the shape of the flame front and affects the values of C (t ) as compared to the diffusion controlled values given by equation (4) . We have illustrated this fact in figure 7 where we have plotted C (t) and the burning rate dC (t )/dt corresponding to our last experiment along with the value given by equation (4) . As can be seen from figure 7a, in the early stages, the flame is diffusion controlled but quickly departs from equation (4) as the front rolls-up. The first maximum in figure 7b corresponds to the roll-up around the two small cores between t = 0 and t = 4 000. As the cores merge, the rate first decreases (t = 6 000 ) but increases again as soon as the new vortex starts winding up. This enhancement is due to the stretching of the front by the flow and to the fact that the products are continuously cleared away from the stagnation points into the vortex cores, reducing therefore the diffusion length. This effect is maximum at t = 14 000 where dC /dt reaches a value 9 times higher than (5). (9) Reaction rate given by Marble's analysis equation (6 
